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1
ELECTRICALLY OPERATED PROPELLANTS

TECHNICAL FIELD

This document pertains generally, but not by way of limi-
tation, to electrically operated propellants.

BACKGROUND

Maissiles and rockets burn propellants within combustion
chambers to generate pressurized gases. The pressurized
gases are directed through a nozzle to provide thrust and
accordingly propel the body of the missile or rocket. Solid
rocket propellants are formed with a solid oxidizer, for
instance ammonium perchlorate, plus fuels, additives and a
binder ingredient. Ignition systems that elevate the tempera-
ture of the solid rocket propellant to the point of combustion
are used to 1ignite the solid rocket fuel. After 1ignition of a solid
rocket motor the reaction cannot be interrupted until the fuel
1s completely consumed. Additionally, the solid rocket pro-
pellant burns according to the shape of the propellant grain
and 1ts operating pressure which 1s dictated by the nozzle
throat size. That 1s to say, burning of the fuel (the burn rate)
proceeds according to a set of predefined parameters and
these predefined parameters cannot be changed during launch
and tlight with the exception of use ol a mechanical apparatus
(such as a nozzle pintle). Stated another way, once the solid
rocket propellant 1s mitiated burning cannot be interrupted
and there are limited means for providing launch based or
in-thght control of the burn rate of the fuel.

One example of propellant configured for controllable
burning in a low pressure environment (€.g., less than 200 psi)
1s shown in US Published Application 2011/0067789. An
clectrically controlled propellant 1s provided that 1s capable
of sustained controllable combustion at ambient pressure. As
discussed 1n the application at pressures of greater than 200
ps1 the propellant 1s self-sustaining. In other words, at these
pressures the propellant continues to burn even with the inter-
ruption of electrical mput to the propellant. In at least this
regard, burning of the discussed electrically controlled pro-
pellant, like the solid rocket fuel discussed above, 1s not
finished until the propellant 1s fully consumed.

OVERVIEW

The present inventors have recognized, among other
things, that a problem to be solved can include providing
clectrically operated propellant formulations that are 1gnit-
able and extinguishable under a variety of conditions, includ-
ing under high pressures within a rocket motor combustion
chamber having pressures greater than 200 psi therein. In an
example, the present subject matter can provide a solution to
this problem with an electrically operated propellant com-
prising a liquid perchlorate based oxidizer, additives, a binder
and a fuel, wherein the propellant 1s extinguished with the
interruption of electrical input at pressures greater than 200
ps1 (for instance within a combustion chamber including the
propellant therein). The electrically operated propellant that
1s selectively 1gnited and extinguished over a broad range of
conditions facilitates the selective generation of thrust for a
variety of applications. For instance, the electrically operated
propellant 1s used 1n one example to provide staged burns for
delivery of a launch vehicle to a target. In another example,
the electrically operated propellant 1s extinguished where a
catastrophic or mission compromising 1ssue arises after
launch. In still another example, the electrically operated
propellant 1s selectively operated (1gnited and later extin-
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guished) on an as needed basis to provide attitude and control
to a vehicle without consuming the entirety of the propellant
at one time. In other examples, the electrically operated pro-
pellant 1s used to provide a near instantaneous source of
pressurized gas (e.g., to drive a turbine, turn a fan, operate
mechanical devices, cold or warm gas thruster operation, tank
gas pressurization, or the like) that may be selectively
switched on or off as needed.

In another example, the electrically operated propellant
formulations described herein are configured to 1gmite with
much lower applications of electrical input than other propel-
lants. For instance, the electrically operated propellant for-
mulations include metal based fuels that are mixed at a ratio
with the liqguid perchlorate based oxidizer to provide propel-
lants having a specific energy of around 800 Joules per grain
or less at ambient pressure. In order to 1gnite the electrically
operated propellant an electrical iput, such as a battery or
generator, 1s needed that 1s coupled with the propellant. The
characteristics of the electrical input are dictated at least 1n
part by the specific energy of the propellant that equates
roughly to the amount of electrical power needed to 1gnite the
propellant. Some propellants have a specific energy of 2700
Joules per gram or more at ambient pressures and accordingly
require a much larger battery (with attendant greater weight,
volume foot print and the like) to ignite the propellant.
Because the electrically operated propellant formulations
include a mix of a liquid perchlorate based oxidizer at a
defined ratio to the metal based fuel the specific energy of the
formulations 1s much lower, around 800 Joules per gram, and
accordingly minimizes the requirements for a battery
(weight, power density, and the like). During operation at
higher pressures, this specific energy requirement reduces to
200 Joules per gram or less for sustained electrically con-
trolled burning. Importantly for weight and volume con-
strained applications, such as rocket motors, the overall
weight and volume of the propellant and 1gnition system (e.g.,
the battery) 1s thereby minimized.

This overview 1s intended to provide an overview of subject
matter of the present patent application. It 1s not intended to
provide an exclusive or exhaustive explanation of the mnven-

tion. The detailed description 1s included to provide further
information about the present patent application.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, which are not necessarily drawn to scale,
like numerals may describe similar components 1n different
views. Like numerals having different letter suifixes may
represent different instances ol similar components. The
drawings 1llustrate generally, by way of example, but not by
way of limitation, various embodiments discussed in the
present document.

FIG. 1A 1s cross sectional view of one example of a gas
generation assembly including an electrically operated pro-
pellant.

FIG. 1B 1s a dual schematic view of another example of a
gas generation assembly including coaxial electrodes.

FIG. 2 1s a schematic view of another example of a gas
generation assembly including an electrically operated pro-
pellant.

FIG. 3A 1s a schematic view of one example of a divert
attitude and control system including an electrically operated
propellant 1 selective communication with a plurality of
nozzles.

FIG. 3B 1s a schematic view of another example of a divert
attitude and control system.
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FIG. 3C 1s a schematic view of one example of a micro-
thruster including an electrically operated propellant.

FIG. 4A 1s a schematic view of one example of a rocket
motor including an electrically operated propellant ignition
system for a solid rocket fuel.

FIG. 4B 1s a schematic view of another example of an
clectrically operated propellant 1gnition system.

FIG. 4C 1s a schematic view of yet another example of an
clectrically operated propellant 1gnition system.

FIG. 5A 1s a schematic view of one example of a gas
compressor including an electrically operated propellant con-
figured to compress a gas or expel a liquid.

FIG. 5B 1s a schematic view of another example of a gas
compressor configured to pressurized a propellant exhaust
gas.

FIG. 6 1s a block diagram showing one example of a
method for using an electrically operated propellant.

DETAILED

FIGS. 1A and 1B show two examples of gas generation
systems 100, 120 that use an electrically operated propellant.
Referring first to FIG. 1A, the gas generation system 100 1s
shown as part of an overall assembly, such as a rocket motor
102. In one example, the gas generation system 100 includes
the rocket motor 102. The gas generation system includes
propellant, such as an electrically operated propellant 108,
configured to provide thrust through a rocket nozzle 112.

As shown in FIG. 1A, the gas generation system 100
includes a combustion chamber of 104 having an electrically
operated propellant 108 positioned therein. Two or more elec-
trodes 110 extend into the electrically operated propellant
108 within the combustion chamber 104. The electrically
operated propellant 108 {ills a portion of combustion chamber
104 and has a predetermined grain shape. In another example,
the electrically operated propellant 108 fills substantially the
entirety of the combustion chamber 104. That 1s to say, the
clectrically operated propellant 108 extends from the position
shown 1n FIG. 1A toward a position 1n close proximity to the
nozzle 112. Accordingly, the two or more electrodes 110
similarly extend through the electrically operated propellant
108 toward the nozzle 112.

As will be described herein the electrically operated pro-
pellant 108 includes a formulation that allows for the 1gnition
and extinguishing of the propellant in a variety of conditions
according to the application (and interruption of the applica-
tion) of electricity through the electrodes 110. For instance,
the electrically operated propellant 108 1s configured to 1gnite
with the application of voltage across the electrodes 110.
Conversely, the electrically operated propellant 108 15 extin-
guished with the interruption of the voltage at a range of
pressures (e.g., from 0 ps1 to 2000 psi1). For instance, where
the combustion chamber 104 1s part of the rocket motor 102,
and the motor 1s 1n the process of generating thrust the pres-
sure within the combustion chamber 104 1s greater than 200
ps1, for nstance from 200 to 2,000 psi1. In this condition, 1t
may be desirable to interrupt the burn of the electrically
operated propellant 108 (e.g., because of catastrophic or mis-
s1on critical failures of the rocket). In such a circumstance the
voltage applied across the electrodes 110 1s interrupted.
Despite the pressurized environment of the combustion
chamber 104 subjecting the electrically operated propellant
108 to a pressure greater than 200 psi1, for instance pressures
approaching 2,000 psi, the imnterruption of voltage to the elec-
trodes 110 allows the electrically operated propellant 108 to
extinguish. With the electrically operated propellant 108
extinguished the generation of thrust 1s halted and the propel-
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lant 1s preserved for future use. That 1s to say, with the elec-
trically operated propellant 108 described 1n further detail
herein the gas generation systems 100, 120 are configured for
ignition and extinguishing during operation. Importantly,
even with ambient or high pressures within the combustion
chamber 104, such as atmospheric pressure, pressures greater
than 200 ps1, 500 psi1, 1000 ps1, 1500 ps1 and up to 2000 psi the
clectrically operated propellant 108 1s extinguished with the
interruption of electricity (e.g., voltage or current) applied
across the electrodes 110.

Referring now to FIG. 1B, another example of a gas gen-
cration system 120 1s provided. As previously shown 1n FIG.
1A, theelectrodes 110 extend as one or more rods, leads or the
like through the electrically operated propellant 108. FIG. 1B
shows another configuration for the electrodes. As shown the
clectrodes include a cylindrical electrode 122 extending
around the electrically operated propellant 108 and a co-
radial electrode 124 (e.g., a rod, lead or the like) extending
through the electrically operated propellant 108. As shown,
for instance in the end view of the gas generating system 120,
the electrode 124 1s co-radial with the electrode 122. Thatis to
say, the electrodes 122, 124 share a longitudinal axis extend-
ing along the length of the propellant 108. In other examples,
the electrodes 122, 124 as well as the electrodes 110 shown in
FIG. 1A are arranged 1n a variety of configurations depending
on the orientation of the electrically operated propellant 108
within a combustion chamber configured to house the elec-
trically operated propellant 108.

In one example, the electrically operated propellant 108
shown 1n FIGS. 1A, B 1s constructed with, but not limited to,
three or more components including a liquid perchlorate
based oxidizer, a binder, and a fuel that form a solid propellant
as described herein. As will be further described herein, the
combination of these three components 1 various propor-
tions of the overall mass of the electrically operated propel-
lant 108 tunes the operation of the electrically operated pro-
pellant 108 and ensures that the electrically operated
propellant 1s configured for igmition and extinguishing at a
variety of conditions. For instance, the electrically operated
propellant 108 described herein including a liquid perchlorate
based oxidizer, a binder and a fuel, such as a metal-based fuel,
1s configured to ignite (1n an 1gnition condition) with the
application of voltage across the electrodes 110 and at the
same time 1s configured to extinguish (1n an extinguishing
condition) over a broad range of pressures within the com-
bustion chamber 104 (pressures up to 2000 ps1). That1s to say,
the formulation of the liquid perchlorate based oxidizer, a
binder and the fuel are configured to facilitate the 1gnition of
the electrically operated propellant 108 with the application
of electricity and correspondingly extinguish the propellant
108 with the cessation of electricity even where the electri-
cally operated propellant 108 1s subjected to pressures greater
than 200 psi1. Stated another way, the electrically operated
propellant 108 1s not self-sustaining even at high pressures,
such as pressures of 200 psi1 or more and less than 2000 psi.
Accordingly, the electrically operated propellant 108 1s con-
figured for “on” and “oif”” operation under a variety of con-
ditions, and 1s able to automatically shut off with the inter-
ruption of electricity.

FIG. 2 shows one example of a control system 200 for use
with a gas generation system (including but not limited to
systems 100, 120 as well as the other systems provided
herein). In one example, the control system 200 1s included as
a part of the gas generation system 100 or the gas generation
system 120. The control system 200 includes a controller 202
coupled with a power source 204. In one example, the power
source includes, but 1s not limited to, an electrical power
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source such as a battery, generator or the like. As further
shown 1n FI1G. 2, the controller 202 1s coupled with one of the
gas generation systems. As shown the control system 200 1s
coupled with the gas generation system 120 including the
clectrically operated propellant 108. The control system 200
described herein as well as erther of the gas generation sys-
tems 100, 120 are not intended to be limited to rocket motors
102 alone. Instead, the control system 200 and the gas gen-
eration systems 100 and 120 are instead configured for use
where a source of pressurized gas 1s needed. As will be
described herein, the gas generation systems 100, 120 are
usable to provide a source of pressurized gas for a rocket
motor 102, attitude and control systems, gas compressors,
1gnition systems and the like.

Referring again to FIG. 2, the controller 202 1s shown as
including 1n one example a generation module 206 (e.g., a
flight module 1 an example where the system 100, 120 1s
used 1n a rocket). The generation module 206 1s coupled with
a voltage control module 208 and a power measurement mod-
ule 210. In one example, the generation module 206 1s a tlight
module, and the tlight module 1s configured to control the
amount of thrust provided by the gas generation system 120
as part of the rocket motor 102 shown in FIG. 1A. For
instance, as i1gnition, extinguishing and throttling of thrust
output from the gas generation system 120 1s desired, the
flight module 206 1s configured to provide this control by way
of management of the electrical output to the gas generation
system 120 through control of the voltage control module
208.

As further shown 1n FI1G. 2, the voltage control module 208
1s coupled along the electrical circuit between the power
source 204 and the gas generation system 120. The voltage
control module 208 1s 1n one example coupled with the power
measurement module 210. The power measurement module
210 1s configured to measure the output of the power source
204 and thereby facilitate control and administration of the
appropriate amount of electricity such as voltage, current or
the like to the gas generation system 120 through the voltage
control module 208. For instance, 1n one example the genera-
tion module 206 determines that one or more of extinguish-
ing, ignition or throttling of gas generation from the gas
generation system 100, 120 1s desired. The voltage control
module 208 1s controlled by the flight module 206 to accord-
ingly adjust the application of electrical energy such as volt-
age to the electrodes 122, 124. The power measurement mod-
ule 120 measures the output of the power source 204 and
accordingly cooperates with the voltage control module 208,
for instance by way of feedback control using the output of
the power source 204, to measure and adjust the amount of
clectricity provided to the gas generation system 120.

As previously described herein in one example the control-
ler 202 1ncludes a series of modules configured to control and
operate the gas generation system 120. In one example, the
controller 202 includes a generation module 206 configured
to operate the gas generation system 120 (or 100) for instance
through control of the voltage control module 208. In one
example, the generation module 206 includes a plurality of
modules each configured to control one or more functions of
the gas generation system 120. For instance, referring again to
FIG. 2 the generation module 206 includes one or more of an
ignition module 212, an extinguishing module 214 and a
throttling module 216. Each of these modules controls vari-
ous corresponding functions of the gas generation system
120.

In one example, the 1gnition module 212 1s configured to
control the application of electrical energy to the gas genera-
tion system 120 1n an 1gnition configuration, for instance
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where 1gnition of the electrically operated propellant 108
shown 1n FIGS. 1A, 1B 1s desired. In another example, the
extinguishing module 214 1s conversely configured to inter-
rupt the application of electricity to the propellant 108 and
thereby extinguish the electrically operated propellant when
such interruption of gas generation s desired. In one example,
the extinguishing module 214 cooperates with the voltage
control module 208 to provide a shut-off function to the
clectrically operated propellant 108 when extinguishing of
the electrically operated propellant (even at high pressures
greater than 200 ps1) 1s desired. Because the electrically oper-
ated propellant 1s not self-sustaining, even at pressures
approaching 2000 psi1, the extinguishing module 1s config-
ured to shut the propellant down 1n high pressure environ-
ments.

Optionally, the control system 200 further includes a throt-
tling module 216 configured to graduate the application of
clectrical energy to the electrically operated propellant 108.
In one example, the electrically operated propellant 108 1s
able to throttle 1ts burn (increase or decrease the burn rate)
according to the application of electrical energy to the pro-
pellant 108 (an 1nitial voltage compared to an increased volt-
age and decreased voltage for corresponding changes to the
burn rate). For instance, the throttling module 216 controls
the voltage control module 208 to apply additional electrical
energy to the gas generation system 120 when increased gas
generation (thrustin the case of arocket motor 102) 1s desired.
Conversely, the throttling module 216 1s also configured to
decrease the application of electrical energy to the electrically
operated propellant 108 through the voltage control module
208 when a decrease of gas generation 1s desired, for instance
to decrease the thrust provided by a rocket motor 102 1nclud-
ing one or more of the gas generation systems 100, 120.

In another example, the control system 200 includes a
pressure monitoring module 218 1n communication with a
pressure sensor 220 as shown in FIG. 2. The pressure sensor
220 15 1n one example coupled with the combustion chamber
104 and 1s able to measure the pressure within the combustion
chamber 104 and thereby accordingly measure the pressure
incident on the electrically operated propellant 108, 1n one
example, the electrically operated propellant 108 requires
differing power outputs for 1gnition as well as sustaining of
burning of the propellant after 1ignition. For instance, at 1gni-
tion the electrically operated propellant 108 requires in one
example around 800 joules per gram of electricity for the
clectrically operated propellant to 1gnite. In another example,
the electrically operated propellant requires significantly less
clectrical input to sustain burning of the propellant 108 (e.g.,
150 to 250 joules per gram, an 1n another example 200 joules
per gram or less). Accordingly, 1n one example, the pressure
sensor 220 1s configured to measure the pressure within the
combustion chamber 104 to determine burn rate and thrust
and accordingly assist 1n determining when 1gnition begins
and ceases within the gas generation system 100, 120. Upon
determination of the 1gnition of the electrically operated pro-
pellant 108 the pressure monitoring module 218 cooperates
with the voltage control module 208 to reduce the amount of
clectrical energy applied to the propellant 108 and thereby
conserve energy of the power source 204.

In yet another example, the pressure monitoring module
218 cooperates with the pressure sensor 220 to determine and
measure the pressure within the combustion chamber 104 to
accordingly monitor the thrust provided by the gas generation
system 100, 120, for instance through the nozzle 112 shown
in FI1G. 1A. In this example, the pressure monitoring module
218 and the pressure sensor 220 are thereby able to measure
the pressure and accordingly the thrust of the rocket motor
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102 and cooperate with the throttling module 216 to throttle
the burn of the electrically operated propellant to adjust the
amount of gas generation and thrust provided by the gas
generation systems 100, 120.

Additionally the pressure momtoring module 218 and the
pressure sensor 220 may operate 1n cooperation in other cir-
cumstances besides those of a rocket motor 102. For instance,
1n a gas generation system, such as a gas compressor using the
clectrically operated propellant 108, the pressure monitoring
module 218 and the pressure sensor 220 cooperate to make
sure the pressure within the gas generation system (applied to
a gas or the pressure supplied in the stream of exhaust gas
from the propellant 108) 1s at a desired pressure, for instance
200 ps1 or more.

As previously described herein, the electrically operated
propellants such as the propellant shown 1n FIGS. 1A and 1B
includes a plurality of components configured to facilitate the
clectrical operation of the propellant while at the same time
enabling the extinguishing of the propellant at a range of
pressures for instance pressures form ambient atmosphere, to
greater than 200 psi, and less than or equal to 2000 psi1. In one
example, a combustion chamber such as the combustion
chamber 104 shown in FIG. 1A reaches pressures between
200 and 2000 ps1 (e.g., pressures within a rocket motor). The
clectrically operated propellant 108 configured as described
herein 1s able to 1gnite and extinguish within the high pressure
environment of the combustion chamber 104. For instance, at
pressures between at least ambient pressure and 2000 psi the
clectrically operated propellant 108 1s able to extinguish with
the interruption of electricity applied to the electrodes 110.
Stated another way, the electrically operated propellant 108 1s
not self-sustaining at high pressures (e.g., does not continue
to burn without electrical input) and 1s thereby operated
according to the application of electrical energy from the
clectrodes 110 throughout the operation of the gas generation
system (100, 120).

As described herein, the electrically operated propellant in
one example 1s a solid fuel having a plurality of components
including, but not limited to, an oxidizer, a fuel, and a binder.
In one example, the oxidizer 1s a liguid perchlorate based
oxidizer comprising approximately 50 to 90 percent of the
total mass of the electrically operated propellant 108. A liquid
perchlorate based oxidizer includes but 1s not limited to per-
chlorate based oxidizers such as aluminum perchlorate,
bartum perchlorate, calctum perchlorate, lithium perchlorate,
magnesium perchlorate, perchlorate acid, strontium perchlo-
rate, sodium perchlorate and the like as shown 1n the table
below. The preceding list 1s not mtended to be limiting but
merely provides examples for use with the electrically oper-
ated propellant 108.

Electrically Operated Propellant

Oxidizer - Liquid Based Perchlorate Oxidizer (50 to 90 percent by mass)

aluminum perchlorate, barium perchlorate, calcium perchlorate,
lithium perchlorate, magnesium perchlorate, perchlorate acid,
strontium perchlorate, sodium perchlorate

Fuel - Metal Based Fuel (5 to 30 percent by mass)

tungsten, magnesium, copper oxide, copper, titanium, aluminum
Binder (remainder)

casein, methyl cellulose, polyethylene oxide, polyvinyl acetate,
polyvinyl alcohol

Additionally, the electrically operated propellant 108 1n
another example includes a tuel. The fuel comprises approxi-
mately 5 to 30 percent by mass of the electrically operated
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propellant 108. In one example, the fuel includes but 1s not
limited to a metal based fuel. As previously described herein,
the metal based fuel assists 1n the 1gnition and extinguishing
of the electrically operated propellant 108. For instance, the
provision ol a metal based fuel increases the conductance of
the electrically operated propellant 108 and thereby facili-
tates the application of electricity to the propellant for 1gni-
tion. Conversely, the metal based fuel retards combustion of
the propellant because of the low flammabaility of the metal.
Accordingly, the metal based fuel thereby retards combustion
of the electrically operated propellant 108 and facilitates the
extinguishing of the propellant upon interruption of electric-
ity. As shown 1n the table provided above, the metal based fuel
includes, but 1s not limited to, tungsten, magnesium, copper
oxide, copper, titanium and aluminum. The preceding list 1s
not intended to be limiting but merely provides examples for
use with the electrically operated propellant 108. Optionally,
the electrically operated propellant 108 1s formed without a
tuel (e.g., having a fuel mass percentage of 0).

In another example, the electrically operated propellant
108 as described herein includes a third component including,
but not limited to, a binder. The binder 1n one example com-
prises the remainder of the mass percentage of the electrically
operated propellant 108. In one example, the binder includes
but 1s not limited to casein, methyl cellulose, polyethylene
oxide, polyvinyl acetate, polyvinyl alcohol or the like. The
binder in one example cooperates with the oxidizer and the
fuel to combine these components 1nto a solid fuel propellant
shapeable into any configuration such as the cylindrical con-
figurations provided i FIGS. 1A and 1B. As described
herein, the electrically operated propellant 108 has a storage
modulus sufficiently high to allow for the maintenance of the
shape the propellant 1s molded into at manufacture. For
instance, the electrically operated propellant 108 has a stor-
age modulus of 300 ps1 or greater at ambient temperature that
accordingly allows the propellant 108 1n either of the con-
figurations shown in FIGS. 1A, 1B or other configurations to
maintain 1ts shape through dynamic conditions including, but
not limited to, pressurization, launch and tlight. The propel-
lant 108 with a consistent shape accordingly maintains a
predictable performance profile as the shape and surface area
of the propellant are relatively static during operation. The
clectrically operated propellant 108 1s thereby formable (e.g.,
can be cast or molded) into any number of grain configura-
tions and reliably perform with a desired performance profile
(thrust dictated at least 1n part by the grain surface area) even
when subject to dynamic conditions.

The electrically operated propellant 108 with the compo-
nents described above 1s able to 1gnite and extinguish with the
respective application and interruption of application of elec-
tricity to the propellant over a range of pressures, from ambi-
ent pressure to high pressures of the type found 1n a rocket
motor. The electrically operated propellant 108 1s able to
extinguish itself even while at high pressures, for instance the
pressures of a combustion chamber 104 of a rocket motor 102.
These pressures range from more than 200 ps1 to 2000 psi.
With the interruption of electrical energy to the electrically
operated propellant 108 the propellant ceases burning and
extinguishes 1tsell within the combustion chamber 104. In
one example, the metal based fuel and the liquid perchlorate
based oxidizer cooperate to facilitate the 1gnition and extin-
guishing of the electrically operated propellant 108 subject to
these conditions. Additionally, the liquid perchlorate based
oxidizer cooperates with the metal based fuel to ensure that
the varied application of electrical energy to the electrically
operated propellant 108 correspondingly throttles the gas
output of the electrically operated propellant (e.g., with an
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adjustable burn rate based on the graduation of electrical
potential or current applied to the propellant).

Additionally, the electrically operated propellant 108 1s
configured to minimize the power source 204 by requiring a
smaller relative input compared to other electrically operated
propellants to 1gnite and sustain burning of the propellant. For
instance, the electrically operated propellant 108 has a rela-
tively small specific energy of approximately 600 to 1100
joules per gram (e.g., 1n one example 800 joules per gram)
compared to other electrically operated propellants with sig-
nificantly higher specific energies (e.g., specific energies of
around 2400 joules per gram or greater). In one example, the
metal based fuel including for instance tungsten therein coop-
erates with the liquid perchlorate based oxidizer to ensure that
a relatively small application of electrical energy equivalent
to 800 joules per grain 1s able to mitiate 1gnition of the elec-
trically operated propellant 108. Additionally, with the pro-
vision ol a metal based fuel the specific energy needed to
sustain burning of the electrically operated propellant 108 1s
also minimized (for instance 200 joules per gram 1s sufficient
to maintain combustion of the propellant 108). Because of the
relatively low specific energy requirements of the electrically
operated propellant 108 1n these two or more configurations
(1gnition and sustained burning) 1gnition as well as throttling
through the application of varied electrical iput 1s attaimned
with a relatively small power source. Accordingly, a system
such as the gas generation system 100 including the rocket
motor 102 only requires a small power source such as the
power source 204 shown i FI1G. 2 as opposed to larger battery
power sources otherwise provided with other electrically
operated propellants having higher specific energy require-
ments. For instance the power source i1s configured 1n one
example to provide 1ignition power of 800 joules per gram and
sustained power of 200 joules per gram with variation accord-
ing to differing propellant formulation permutations as pro-
vided herein.

The electrically operated propellant 108 1s also able to
maintain its shape, for mnstance during launch and flight of the
gas generation systems 100, 120 as part of a rocket motor 102
(or other device exposed to dynamic kinematic conditions).
In one example, the electrically operated propellant 108 has a
storage modulus of 300 ps1 or greater at room temperature.
With the incorporation of other binders the electrically oper-
ated propellant 108 may have a greater elastic modulus that
thereby allows the maintenance of the shape of the electri-
cally operated propellant 108 under even greater stresses. By
providing the electrically operated propellant with a higher
modulus of elasticity relative to other electrically operated
propellants (e.g., with an elastic modulus of around 60 psi or
less at mom temperature) the propellant 108 1s able to main-
tain a desired shape throughout operation of the gas genera-
tion system 100, 120. Accordingly, the burn rate and other
performance characteristics for the propellant 108 are pre-
dictably maintained throughout the operation of the systems
100, 120. That 1s to say, the propellant 1s not subject to
significant cracking or deformation under dynamic condi-
tions including launch and flight of a rocket. Phenomena such
as slumping, flattening or cracking of the electrically operated
propellant 108 are thereby substantially avoided and corre-
spondingly the electrically operated propellant has a predict-
able mechanical and performance profile.

Additionally, the combination of the liquid perchlorate
based oxidizer as well as the metal based fuel 1n at least some
examples provides an electrically operated propellant 108
that 1s configured for storage for significant periods of time
while at the same time maintaining its performance charac-
teristics. For instance, in one example, one or more of the gas
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generation systems 100, 120 (for instance when incorporated
into the rocket motor 102) are provided to an end user the
systems 100, 120 are often stored within enclosed spaces such
as crates for extended periods of time such as months, years or
the like. Often these systems 100, 120 are stored 1n areas that
are not well ventilated and are subject to heat from nearby
components, exterior heating such as solar heating and the
like. The electrically operated propellant 108 described
herein 1s able to maintain 1ts performance characteristics for
instance 1ts total impulse value, 1ignition rise time, peak pres-
sure, weight propellant density and the like throughout the
storage period even while the electrically operated propellant
108 1s exposed to temperatures approaching 140 degrees
Fahrenheit.

For instance, 1n one example, the electrically operated pro-
pellant 108 has an mitial impulse value o1 800 pound seconds
at an 1nitial rise time and has a mature impulse value, again, of
approximately 800 pound seconds at a second time after
storage of the gas generation systems 100, 120 for at least 30
days at a temperature of around 140 degrees Fahrenheit. As
described herein the mature impulse value remains substan-
tially the same compared to the initial impulse value (e.g., of
800 pound seconds 1n one example) even with storage under
these conditions. In other examples, the electrically operated
propellant 108 1s stored under these conditions for much
longer periods of time for instance a year, two years, five
years, ten years or more while at the same time substantially
maintaining the mechanical properties and total impulse
value (and other performance characteristics) from the 1nitial
configuration to the mature configuration at these later times.

FIGS. 3A, 3B and 3C show three examples of assemblies
using the electrically operated propellant 108 previously
described and shown 1n FIGS. 1A and 1B. In the first example
shown 1n FIG. 3A, a divert attitude and control system 300 1s
provided including a plurality of thrusters 308 coupled by
way ol a mamfold with the gas generation system 303. As
shown 1n the figure, the gas generation system 303 1s located
within the housing of another device (e.g., a rocket body,
satellite body, submersible or the like) and includes a com-
bustion chamber 302 with the electrically operated propellant
108 therein. A plurality of electrodes 110 extend through the
propellant 108. These components form a gas generation
system 303 that 1s similar 1n at least some regards to the
previously described gas generation systems 100, 120.

As shown 1 FIG. 3A, the gas generation system 303 1s
coupled with a system manifold 306 by way of a mamiold
coupling 304. In one example, the system manifold 306 1s an
annular ring extending around a housing, such as the housing
for arocket. The system manitold 306 1s coupled with each of
the plurality of thrusters 308. As shown 1n FIG. 3A, aplurality
of valves (or other regulators) 310 are interposed between
cach of the thrusters 308 and the manifold 306.

Where directional thrust 1s required the divert attitude and
control system 300 1s operated to provide such thrust. For
instance, as pressurized gas 1s needed for one or more of the
thrusters 308 the gas generation system 303 including the
clectrically operated propellant 108 1s operated. Electrical
energy 1s applied through the electrodes 110 to nitiate 1gni-
tion of the electrically operated propellant 108. This corre-
spondingly creates a stream of pressurized gas that 1s directed
through the manifold coupling 304 to the system manifold
306. In one example, a controller for 1nstance a controller,
such as the control system 200 described herein, operates one
or more of the valves 310 to accordingly direct the gas gen-
crated by the gas generation system 303 through the desig-
nated thrusters 308 to thereby provide desired attitude and
vector adjustments to the overall device, such as a rocket.
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When attitude control of the rocket 1s no longer desired the
gas generation system 303 (e.g., the control system 200)
extinguishes the electrically operated propellant 108 by inter-
ruption of electricity applied to the electrodes 110. As
described herein, the electrically operated propellant 108
having the composition as provided extinguishes with the

cessation of electricity even while high pressures are main-
tained within one or more of the combustion chamber 302, the
manifold coupling 304 or the system manifold 306. Accord-
ingly, the electrically operated propellant 108 may be stored
and maintained indefinitely until needed again for additional
attitude control of a rocket, satellite, submersible or the like.

Accordingly, the divert attitude and control system 300
allows for the selective adjustment of the attitude, vector and
the like of assemblies while at the same time preserving the
propellant 108 of the divert attitude and control system 300
over a long period of time. Additionally 1n at least some
examples, the electrically operated propellant 108 included
within the combustion chamber 302 as well as the manifold
coupling 304 of the system manifold 306 provides a signifi-
cantly smaller footprint to the overall device relative to a tank
containing a pressurized volume of gas. For mstance, in an
application where a previous divert attitude and control sys-
tem 1s desired 1n at least one example a pressurized tank of gas
having a significant overall device foot print 1s provided and
accordingly assumes substantial space and weight of the
device housing the system. In contrast to the large volume of
pressurized gas stored 1n previous divert attitude and control
systems, the electrically operated propellant 108 as described
herein 1s 1n a solid form and thereby has a much smaller
footprint relatively and 1s able to correspondingly assume a
smaller space within the overall device.

FIG. 3B shows another example of a divert attitude and
control system 320. The system 320 shown in FIG. 3B is
similar in at least some regards to the control system 300
previously shown in FIG. 3A. For instance, the divert attitude
and control system 320 includes a combustion chamber 322
including the electrically operated propellant 108 therein as
well as one or more electrodes. In the example shown 1n FIG.
3B, the electrodes 122, 124 are 1n a similar configuration to
those shown 1n FIG. 1B. The electrodes 122, 124 as well as the
clectrically operated propellant 108 form the gas generation
system 323. As shown the gas generation system 323 1s 1n
communication with a thruster mast 324 extending from the
remainder of the combustion chamber 322. As further shown
in FIG. 3B, the thruster mast 324 includes a plurality of
thrusters 326 arranged around the mast and on at least one
end. The thrusters 326 are spaced from the thruster mast 324
with interposing valves (or regulators) 328.

In a similar manner to the divert attitude and control system
300 the valves 328 of the divert attitude and control system
320 selectively direct gas generated from the gas generation
system 323 through one or more of the thrusters 326 to cor-
respondingly provide attitude control (and vector adjust-
ments’) to an overall device including the divert attitude and
control system 320 (e.g., the rocket, satellite, marine sub-
mersible or the like). In the example shown 1n FIG. 3B, gas
generated from the system 323 1s directed through the thruster
mast 324 1n the manner of a manifold to each of the valves
328. The controller such as the control system 200 previously
shown 1n FIG. 2 1s 1n one example operated to selectively
open one or more of the valves 328 to allow for exit of the gas
generated from the system 323 through one or more of the
thrusters 326. Accordingly, the divert attitude and control
system 320 1s thereby able to provide attitude and vector
control to the overall device including the system 320.

10

15

20

25

30

35

40

45

50

55

60

65

12

FIG. 3C shows another example of a system configured for
using the electrically operated propellant 108. In this
example, the electrically operated propellant 1s incorporated
within a microthruster 340. As shown the microthruster 340
includes a combustion chamber 342 including the electrically
operated propellant 108 as well as the electrodes 122, 124. As
with the other examples described herein, the electrically
operated propellant 108 as well as the electrodes 122, 124
form a gas generation system 343. As shown 1n FIG. 3C, the
gas generation system 343 i1s in direct communication with
the thruster nozzle 344 of the microthruster 340 (1n one option
without an intervening valve or regulator). In one example, a
plurality of microthrusters 340 are provided around a device
such as a satellite housing, rocket body, submersible or the
like. The microthrusters 340 are in one example controlled
with a system similar in at least some regards to the control
system 200. The control system 200 1s configured to selec-
tively imitiate the 1gnition of the electrically operated propel-
lant 108 (and extinguish) in one or more of the microthrusters
340. Accordingly, the microthrusters 340 when provided in a
plurality around a larger device are thereby able to selectively
adjust the attitude and vector of the device according to opera-
tion ol one or more of the microthrusters 340. Additionally

with the graduated application of electricity through the elec-
trodes 122, 124 each of the microthrusters 340 are i1n one
example able to provide a variable amount of thrust through
the respective thruster nozzles 344.

FIGS. 4A, 4B and 4C show examples of 1gnition assem-
blies including an electrically operated propellant 108 as
previously described herein. Referring first to FIG. 4A a first
gas generating 1gnition system 410 1s provided. As shown the
gas generating 1gnition system 410 1s incorporated within a
rocket motor 400. The rocket motor 400 includes a motor
housing 402 having a rocket propellant 408 provided therein.
In one example, the rocket propellant 408 1s a solid rocket
propellant having a combustion cavity 406 as shown 1n FIG.
4A. The motor housing 402 includes arocketnozzle 404 sized
and shaped to direct the exhaust gas from the rocket propel-
lant 408 to thereby provide thrust.

As shown 1 FIG. 4A, the gas generated 1gnition system
410 1s coupled along the combustion cavity 406 of the rocket
motor 400. For instance, the gas generating 1gnition system
410 includes an 1gniter ring 414 including the electrically
operated propellant 108 as well as a plurality of electrodes
110 positioned therein. In one example, the igniter ring 414
includes an 1gniter inner ring surface 412 and an 1gniter outer
ring surface 416 sized and shaped for engagement along the
rocket propellant 408 as shown in FIG. 5A. In another
example, the gas generating 1gnition system 410 1s spaced
from the rocket propellant 408 and 1s instead coupled with a
solid component of the motor housing 402 other than the
rocket propellant 408.

In operation, electricity 1s applied across the electrodes 110
to 1gnite the electrically operated propellant 108. As previ-
ously described herein, 1ignition of the electrically operated
propellant 108 correspondingly produces a high temperature
exhaust gas. The high temperature exhaust gas 1s directed
along the rocket propellant 408 and correspondingly 1gnites
the rocket propellant 408 to thereby operate the rocket motor
400.

FIG. 4B shows another example of a gas generating 1gni-
tion system 420. In this example, the 1gnition system 420
includes an 1gniter basket 422 including the electrically oper-
ated propellant 108 as well as the electrodes 110 therein. As
shown the 1gniter basket 422 includes a plurality of basket
orifices 424 that allow the direction of streams of combustion
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gas from the electrically operated propellant for instance into
a larger system including another propellant such as a rocket
propellant.

In one example, the gas generating 1gnition system 420 1s
used 1n a system having a plurality of rocket propellant grains
or propellant grains that are individually operated according
to the 1gnition provided by the gas generating 1gnition system
420. For instance, 1n one example, the gas generating 1gnition
system 420 1s incorporated within a rocket motor having two
or more 1ndividual rocket propellant grains. The gas generat-
ing 1gnition system 420 1s 1ignited for instance by operation of
the electrically operated propellant 108 and thereby corre-
spondingly 1gnites a first propellant grain of the rocket motor.
The gas generating 1gnition system 420 1s thereaiter deacti-
vated, for 1nstance by the interruption of electricity applied
through the electrodes 110 to extinguish the electrically oper-
ated propellant 108. Upon consumption of the first rocket
propellant grain and upon instruction for i1gnition of the sec-
ond rocket propellant grain the gas generating 1gnitions sys-
tem 420 1s operated again with the renewed application of
clectricity through the electrodes 110 to correspondingly
ignite the electrically operated propellant 108 and thereby
1gnite the second rocket propellant grain.

FIG. 4C shows yet another example of a gas generating
ignition system 440 for instance a portion of a composite
ignition train utilizing two or more 1gnition systems that
cooperate to correspondingly 1gnite a larger propellant grain.
In the example shown in FIG. 4C the 1gniter basket 442
includes the electrically operated propellant 108 therein as
well as the electrodes 110. In addition, the 1gniter basket 442
includes an 1gniter grain 446 including, but not limited to,
boron potassium nitrate pellets positioned within the 1gniter
basket 442.

In one example, the gas generating 1gnition system 440 1s
operated by first applying an electrical input across the elec-
trodes 110. The electrical input 1gmites the electrically oper-
ated propellant 108 as provided herein. The high temperature
exhaust gases provided by the electrically operated propellant
108 are incident upon the igniter grain 446 and correspond-
ingly 1gnite the 1gniter grain. The 1gniter grain 446 thereafter
produces a stream of hot exhaust gases that are delivered
through the 1gniter orifices 444 to another propellant, such as
a rocket propellant. The gas generating ignition system
thereby provides an 1gnition train configured to 1gnite one or
more other propellants in communication with the gas gen-
crating 1gnition system 440.

FIGS. 5A and 5B show two examples of compressors using
an electrically operated propellant 108, such as the propellant
previously described herein. Referring first to FIG. 5A, one
example of a compressor 500 1s shown including a compres-
sor piston 5135 dividing the compressor housing 503 into a
separate combustion chamber 502 and a fluid chamber 504.
As shown 1n the figure a fluid such as a gas, liquid or the like
506 1s provided within the fluid chamber 504. The combus-
tion chamber 502 1s 1n commumication with the electrically
operated propellant 108 and the electrically operated propel-
lant 108 1s coupled with the electrodes 110.

In operation, the electrically operated propellant 108 1s
ignited for instance by the application of electricity across the
clectrodes 110. The electrically operated propellant produces
a gas under pressure within the combustion chamber 502. The
pressurized gas forces the compressor piston 310 to the right
and 1nto the flud chamber 504 thereby compressing the fluid
506 (if a gas or pressurizing a liquid). As shown, the com-

pressed fluid 506 1s delivered through the fluid outlet 508 for
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instance for use 1n one or more applications requiring coms-
pressed fluids such as compressed air, pressurized oils or the

like.

As previously described herein, the electrically operated
propellant 108 1s configured for selective 1gnition and extin-
guishing according to the application or interruption of elec-

tricity through the electrodes 110. Further the electrically
operated propellant 108 when 1gnited creates exhaust gases
and within the combustion chamber 502 the exhaust gases
raise the pressure therein to correspondingly move the com-
pressor piston 510 and compress the fluid 506. Accordingly,
the electrically operated propellant 108 1s also under pressure
while generating the gas within the combustion chamber 502.
As previously described herein, the electrically operated pro-
pellant 108 1s configured to extinguish even at higher pres-
sures for instance pressures of 200 ps1 or greater all the way up
to 2000 ps1. Accordingly, with the interruption of electricity to
the electrodes 110 the compressor 500 i1s shut down and
accordingly the remainder of the electrically operated propel-
lant 108 1s preserved until compression of a tfluid within the
fluid chamber 504 1s desired.

Additionally and as described herein, the electrically oper-
ated propellant 108 1s also operated 1n a throttling manner for
instance a variable electrical input 1s applied across the elec-
trodes 1n a graduated manner to correspondingly 1gnite and
burn the electrically operated propellant 108 at various burn
rates. The varied application of electricity to the propellant
108 adjusts the burn rate and produces a pressurized gas
having varied pressure to correspondingly pressurize the fluid
506 to varying degrees as needed by the application for the
compressor 500.

FIG. 5B shows another example of a compressor 520. In
this example, the compressor 520 does not include the com-
pressor piston 310 or the divided chambers of the compressor
500 previously described above. For instance, the compressor
520 includes a combustion storage chamber 522 having the
clectrically operated propellant 108 and the electrodes 110
therein. As shown 1n FIG. 5B, the compressor 520 1s included
within a compressor housing 526 and a fluid outlet 528
extends from the compressor housing 526. The fluid outlet
528 1s 1n direct communication with the combustion storage
chamber 522 and 1s selectively opened, closed and throttled
for instance with a valve or regulator 530.

When operation of the compressor 520 1s desired an elec-
trical input 1s applied to the electrodes 110 to correspondingly
ignite the propellant 108. The burning propellant generates a
pressurized gas that 1s recerved within the combustion storage
chamber 522 and builds in pressure. The valve or regulator
530 1s selectively operated to open the fluid outlet 528 and
allow for the delivery of the compressed exhaust gas of the
clectrically operated propellant 108 for one or more applica-
tions. In the example shown 1n FI1G. 5B, the exhaust gas of the
clectrically operated propellant 108 1s thereby used as the
compressed gas for the compressor 520 as opposed to the
separate tluid 506 within the fluid chamber 504 of the com-
pressor 500. As with the compressor 500 the clectrically
operated propellant 108 1s selectively operated to 1gnite,
extinguish and throttle the respective 1gnition, burning and
extinguishung of the propellant 108 to thereby correspond-
ingly produce pressurized gas according to the input applied
to the propellant 108 by the electrodes 110. That 1s to say,
either of the compressors 500, 520 described herein are able
to provide a source of pressurized gas at one or more pres-
sures (graduated pressures according to the application of

clectricity) for use by way of delivery through the respective
fluid outlets 508, 528.
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FIG. 6 shows one example of a method 600 for using an
clectrically operated propellant, such as the propellant 108
previously described herein. In describing the method 600
reference 1s made to one or more components, features, func-
tions and the like described herein. Where convenient, refer-
ence 1s made to the components and features with reference
numerals. Reference numerals provided are exemplary and
are not exclusive. For instance, the features, components,
functions and the like described 1n the method 600 include,
but are not limited to, the corresponding numbered elements,
other corresponding features described herein (both num-
bered and unnumbered) as well as their equivalents.

At 602, the method 600 includes 1gniting an electrically
operated propellant 108 by applying an electrical input to the
clectrically operated propellant. The electrically operated
propellant 108 1n one example 1s within a combustion cham-
ber 104 previously shown in FIG. 1A. Optionally, a plurality
of electrodes (110, 122, 124) extend through at least a portion
of the electrically operated propellant 108 to provide the
clectrical iput to the propellant.

At 604, the method 600 includes generating pressurized
gas within the combustion chamber 104 from the 1gnited
clectrically operated propellant 108. In one example, a pres-
sure 1n the combustion chamber 1s greater than ambient pres-
sure. For instance, the pressure in the combustion chamber
reaches more than 200 ps1 therein. As described herein, in one
example, the pressurized gas 1s delivered through a nozzle,
such as arocket nozzle 112 shown in FI1G. 1A, to correspond-
ingly provide thrust for a rocket motor 102. In another
example, the pressurized gas generated by the electrically
operated propellant 108 1s used 1n a divert attitude and control
system such as any of the control systems 300, 320, 340
shown 1 FIGS. 3A-C. In vet another example, the exhaust
gas provided by the electrically operated propellant 108 1s a
high temperature gas used to 1gnite one or more propellants
such as a rocket propellant 408 shown 1n F1G. 4A or an 1gniter
grain 446 1n an ignition train ol a gas generating ignition
system for instance for use with another assembly such as a
rocket motor. In still another example, the pressurized gas
generated by the electrically operated propellant 108 1s used
to compress fluids such as air, liquid or the like 1n compres-
sors such as the compressor 500. In yet another example, a
compressor 320 uses the pressurized gas generated by the
clectrically operated propellant 108 as a stream of pressurized
gas for use 1n a variety of applications.

At 606, the clectrically operated propellant 108 1s extin-
guished with the mterruption of the electrical mput. In one
example, extinguishing of the electrically operated propellant
108 1s accomplished at a variety of pressures including pres-
sures across a range from ambient pressure to around 2000
psi. In another example, extinguishing the electrically oper-
ated propellant includes extinguishing the propellant 108 at
pressures greater than 200 psi. That 1s to say, the electrically
operated propellant 108, even at high pressures such as pres-
sures greater than 200 psi and less than or equal to 2000 psi,
1s not self-sustaining. Stated another way, with the interrup-
tion of the application of electricity to the electrodes 110
(122, 124) the electrically operated propellant 108 1s seli-
extinguishing and thereby ceases the generation of high pres-
sure exhaust gases (shuts ofl). Accordingly, where a gas gen-
eration system such as either of the gas generation systems
100, 120 1s mcorporated mnto an environment wherein the
pressure around the electrically operated propellant 108 wall
rise the electrically operated propellant maintains a self-ex-
tinguishing property throughout the range of pressures to
thereby ensure that the electrically operated propellant 108
may be shut down throughout the operation of a gas genera-
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tion system (including, a rocket, attitude and control system,
compressor or the like incorporating the propellant 108).

Several options for the method 600 follow. In one example,
1gniting and extinguishing of the electrically operated propel-
lant 108 1s repeated at one or more stages during launch or
tflight of the launch vehicle. For instance, as stated herein, 1n
one example a rocket motor such as the rocket motor 102
includes the electrically operated propellant 108 therein. With
the repeated 1gnition and extinguishing of the propellant 108
corresponding stages of thrust are provided to the rocket
motor 102. That 1s to say with a single grain of the electrically
operated propellant 108 a rocket motor 102 1s able to stage the
application of thrust by way of the application and interrup-
tion of electricity to the propellant 108, in another example,
where the electrically operated propellant 108 1s used 1n an
1gnition system the 1gnition and extinguishing of the propel-
lant 108 1s used to correspondingly 1gnite a plurality of rocket
propellant grains within the rocket motor.

In another example, the method 600 further includes
changing the electrical input applied to the electrically oper-
ated propellant 108 (for instance, through the electrodes 110)
to change a burn fate of the propellant 108 and correspond-
ingly change the rate of generation of the pressurized gas
from a first rate to a differing second rate. In one example, the
clectrical input applied to the electrically operated propellant
108 1s 1n one example a first input, such as a first voltage. The
clectrically operated propellant 108 has a first burn rate cor-
responding to the first voltage. Where an increase 1n thrust
corresponding to an increase in the burn rate of the propellant
108 15 desired the voltage 1s raised to a second input, for
instance a higher voltage relative to the first voltage. Con-
versely where a smaller thrust 1s desired the corresponding
rate of gas generation 1s correspondingly lower. In this cir-
cumstance the second iput voltage applied through the elec-
trodes 110 to the propellant 108 1s correspondingly lower to
lessen the generation of gas from the electrically operated
propellant 108.

In another example, the method 600 further includes stor-
ing the electrically operated propellant 108 for at least 30 days
at a temperature of around 140 degrees Fahrenheit. The elec-
trically operated propellant 108 has an 1mitial total impulse
value at an 1n1tial time, for instance at the beginning of the 30
day span, and it has a mature total impulse value after the 30
day span of storage at high storage temperature conditions (or
corresponding 1nitial and mature values of one or more per-
formance characteristics). The nitial and mature total
impulse values of the electrically operated propellant 108 are
substantially the same at both the beginning and the end of the
30 day span. That 1s to say the performance characteristics of
the electrically operated propellant are maintained even after
the propellant 108 1s stored for instance for 30 days or more at
temperatures of 140 degrees Fahrenheit. In one example, the
impulse value of the propellant 1s approximately 800 pound
seconds both as the mitial impulse value and as the mature
impulse value.

Method 600 further includes 1n another example control-
ling a shape of the electrically operated propellant 108
according to a propellant elastic modulus. In one example, the
propellant elastic modulus 1s at least 300 ps1 or more at room
temperature during one or more of launch or flight of a launch
vehicle for mstance the rocket motor 102 including the elec-
trically operated propellant 108 therein. That 1s to say, the
clectrically operated propellant 108 with an elastic modulus
of 300 ps1 or more 1s able to substantially maintain its shape
while subject to age related or dynamic kinematic conditions.
Accordingly, the performance characteristics of a propellant
grain including the electrically operated propellant 108
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therein are substantially the same after launch, flight or other
dynamic conditions, and the electrically operated propellant
108 behaves 1n a predictable fashion based on 1ts maintained
shape and other propellant characteristics.

The above detailed description includes references to the
accompanying drawings, which form a part of the detailed
description. The drawings show, by way of illustration, spe-
cific embodiments 1n which the invention can be practiced.
These embodiments are also referred to herein as “examples.”
Such examples can include elements 1n addition to those
shown or described. However, the present inventors also con-
template examples 1n which only those elements shown or
described are provided. Moreover, the present inventors also
contemplate examples using any combination or permutation
of those elements shown or described (or one or more aspects
thereot), either with respect to a particular example (or one or
more aspects thereotl), or with respect to other examples (or
one or more aspects thereol) shown or described herein.

In the event of inconsistent usages between this document
and any documents so incorporated by reference, the usage 1n
this document controls.

In this document, the terms “a” or “an” are used, as 1s
common 1n patent documents, to include one or more than
one, independent of any other instances or usages of “at least
one’ or “one or more.” In this document, the term “or’ 1s used
to refer to a nonexclusive or, such that “A or B” includes “A
but not B,” “B but not A.” and “A and B,” unless otherwise
indicated. In this document, the terms “including” and “in
which™ are used as the plain-English equivalents of the
respective terms “comprising” and “wherein,” Also, 1 the
following claims, the terms “including” and “comprising” are
open-ended, that 1s, a system, device, article, composition,
formulation, or process that includes elements 1 addition to
those listed after such a term 1n a claim are still deemed to fall
within the scope of that claim. Moreover, in the following
claims, the terms “first,” “second.” and *“‘third,” etc. are used
merely as labels, and are not intended to impose numerical
requirements on their objects.

Method examples described herein can be machine or
computer-implemented at least 1n part. Some examples can
include a computer-readable medium or machine-readable
medium encoded with 1nstructions operable to configure an
clectronic device to perform methods as described in the
above examples. An implementation of such methods can
include code, such as microcode, assembly language code, a
higher-level language code, or the like. Such code can include
computer readable instructions for performing various meth-
ods. The code may form portions of computer program prod-
ucts. Further, in an example, the code can be tangibly stored
on one or more volatile, non-transitory, or non-volatile tan-
gible computer-readable media, such as during execution or
at other times. Examples of these tangible computer-readable
media can include, but are not limited to, hard disks, remov-
able magnetic disks, removable optical disks (e.g., compact
disks and digital video disks), magnetic cassettes, memory
cards or sticks, random access memories (RAMs), read only
memories (ROMs), and the like.

The above description 1s intended to be 1llustrative, and not
restrictive. For example, the above-described examples (or
one or more aspects thereol) may be used 1n combination with
cach other. Other embodiments can be used, such as by one of
ordinary skill in the art upon reviewing the above description.
The Abstract 1s provided to comply with 37 C.F.R. §1.72(b),
to allow the reader to quickly ascertain the nature of the
technical disclosure. It 1s submitted with the understanding,
that 1t will not be used to interpret or limit the scope or
meaning of the claims. Also, in the above Detailed Descrip-
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tion, various features may be grouped together to streamline
the disclosure. This should not be interpreted as intending that
an unclaimed disclosed feature 1s essential to any claim.
Rather, inventive subject matter may lie 1n less than all fea-
tures of a particular disclosed embodiment. Thus, the follow-
ing claims are hereby incorporated into the Detailed Descrip-
tion as examples or embodiments, with each claim standing
on 1ts own as a separate embodiment, and 1t 1s contemplated
that such embodiments can be combined with each other in
various combinations or permutations. The scope of the
invention should be determined with reference to the
appended claims, along with the full scope of equivalents to
which such claims are entitled.

The claimed mvention 1s:

1. A gas generation system with an electrically operated
propellant comprising;

a combustion chamber;

at least two electrodes configured for coupling with an

clectrical power source;

an electrically operated propellant within the combustion

chamber, the electrically operated propellant 1s config-
ured to extinguish at pressures greater than 200 psi, the
at least two electrodes are coupled with the electrically
operated propellant; and

wherein the electrically operated propellant 1s configured

to 1gnite at an 1gnition condition and extinguish under an

extinguishing condition,

in the 1gnition condition an electrical mput 1s applied
across the electrodes to 1gnite the electrically operated
propellant, and

in the extinguishing condition the electrical mput 1s
interrupted, the pressure within the combustion
chamber 1s greater than 200 ps1, and the electrically
operated propellant transitions from 1gnited to extin-
guished.

2. The gas generation system of claim 1, wherein the elec-
trically operated propellant 1s configured to extinguish at
pressures of between 200 and 2000 psi, and 1n the extinguish-
ing condition the pressure within the combustion chamber 1s
between 200 and 2000 psi.

3. The gas generation system of claim 1, wherein the elec-
trically operated propellant includes:

a liquid perchlorate based oxidizer,

a binder, and

a Tuel.

4. The gas generation system of claim 3, wherein the fuel 1s
a metal based fuel, and the metal based fuel in cooperation
with the liquid perchlorate based oxidizer provides the elec-
trically operated propellant with a specific energy of 600 to
1100 Joules per gram at ambient pressure.

5. The gas generation system of claim 3, wherein the fuel
includes a metal based fuel 1n a ratio of 5 to 30 percent by
mass of the electrically operated propellant.

6. The gas generation system of claim 5, wherein the metal
based fuel includes tungsten in a ratio of around 10 to 25
percent by mass of the electrically operated propellant.

7. The gas generation system of claim 1, wherein the elec-
trically operated propellant has an elastic modulus of 300 psi
or greater at room temperature.

8. The gas generation system of claim 1 comprising at least
one nozzle in communication with the combustion chamber.

9. The gas generation system of claam 1 comprising a
controller coupled with an electrical power source coupled
with the at least two electrodes, the controller 1s configured to
control 1gnition, extinguishing and throttling of the electri-
cally operated propellant, and the controller includes:
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an 1gnition module configured to control the application of
the electrical input to the electrodes at the 1gnition con-
dition,

an extinguishing module configured to interrupt the appli-
cation of the electrical mput to the electrodes at the
extinguishing condition, and

a throttling module configured to adjust the application of
the electrical mnput to change a burn rate of the electri-
cally operated propellant.

10. The gas generation system of claim 9, wherein the
controller includes a pressure monitoring module, and one or
more of the 1gnition, extinguishing and throttling modules
communicate with the pressure monitoring module to control
one or more of the 1gnition, extinguishing and throttling of the
clectrically operated propellant according to a monitored
pressure.

11. An electrically operated propellant comprising;:

a liquid perchlorate based oxidizer of approximately 30 to
90 percent of the mass of the electrically operated pro-
pellant;

a binder of approximately 10 to 30 percent of the mass of
the electrically operated propellant;

a metal based fuel of approximately 5 to 30 percent of the
mass of the electrically operated propellant; and

wherein the electrically operated propellant 1s configured
to 1gnite and extinguish according to the respective
application and interruption of an electrical input to the
clectrically operated propellant.

12. The electrically operated propellant of claim 11,
wherein the liquid perchlorate based oxidizer 1s an aqueous
solution having an oxidizer concentration of at least 70 to 90
percent.

13. The electrically operated propellant of claim 11,
wherein the metal based fuel 1n cooperation with the liquid
perchlorate based oxidizer provides the electrically operated
propellant with a specific energy of around 600 to 1100 joules
per gram at ambient pressure.

14. The electrically operated propellant of claim 11,
wherein the metal based fuel includes tungsten 1n a ratio of
around 20 percent by mass of the electrically operated pro-
pellant.

15. The electrically operated propellant of claim 11,
wherein the electrically operated propellant has an 1nitial total
impulse value at an 1n1tial time, and a mature impulse value at
a second time after storage for at least 30 days at a tempera-
ture of around 140 degrees Fahrenheit, and the mature total
impulse value 1s substantially the same as the initial impulse
value.

16. The electrically operated propellant of claim 11,
wherein the electrically operated propellant 1s configured to
extinguish while subject to pressures of greater than 200 psito
around 2000 ps1 with the mterruption of an electrical 1nput.

17. The electrically operated propellant of claim 11,
wherein the liquid perchlorate based oxidizer 1s configured to
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1gnite the electrically operated propellant after the electrically
operated propellant 1s stored for at least 30 days at a tempera-
ture of around 140 degrees Fahrenheit.
18. A method of using an electrically operated propellant
located within a combustion chamber comprising:
1gniting an electrically operated propellant by applying an
clectrical input to the electrically operated propellant;
generating pressurized gas within the combustion chamber
from the combustion of the ignited electrically operated
propellant, pressure in the combustion chamber reach-
ing more than 200 psi1; and
extinguishing the electrically operated propellant with the
interruption of the electrical input while the electrically
operated propellant 1s subject to the pressure of more

than 200 psi.

19. The method of claim 18 comprising directing the pres-
surized gas through at least one nozzle extending from the
combustion chamber.

20. The method of claim 19, wherein 1gniting and extin-
guishing of the electrically operated propellant are repeated at
one or more stages during launch or flight of a launch vehicle.

21. The method of claim 19, wherein directing the pressur-
1zed gas through at least one nozzle includes selectively
directing the pressurized gas through two or more nozzles
according to an attitude control instruction.

22. The method of claim 18 comprising changing the elec-
trical input applied to the electrically operated propellant to
change a burn rate of the electrically operated propellant and
correspondingly change a rate of generation of the pressur-
1zed gas from a first rate to a second rate different from the
first rate.

23. The method of claim 18 comprising 1gniting a second
propellant with the generated pressurized gas.

24. The method of claim 18 comprising storing the electri-
cally operated propellant for at least 30 days at a temperature
of around 140 degrees Fahrenheit, the electrically operated
propellant has an initial total impulse value betfore storage and
a mature total impulse value after storage, wherein the 1nitial
and mature total impulse values are substantially the same.

25. The method of claim 18 comprising compressing a
second gas with the pressurized gas.

26. The method of claim 18 comprising controlling a shape
of the electrically operated propellant according to a propel-
lant elastic modulus of at least 300 ps1 at room temperature
during one or more of launch and fhight of a launch vehicle
including the electrically operated propellant therein.

277. The method of claim 18, wherein extinguishing the
clectrically operated propellant includes extinguishing the
clectrically operated propellant with the interruption of the
clectrical input while the electrically operated propellant 1s
subject to the pressure of more than 200 ps1 to 2000 psi.
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

APPLICATION NO. : 13/726462
DATED . February 10, 2015
INVENTOR(S) . Villarreal et al.

It Is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Specification

In Column 2, Line 15, delete “grain”™ and insert --gram--, therefor

In Column 3, Line 19 (Approx.), after “DETAILED”, insert --DESCRIPTION--, therefor
In Column 5, Line 46, delete 120 and msert --210--, therefor

In Column 6, Line 40, delete “108, 1n” and 1nsert --108. In--, therefor

In Column 9, Line 16, delete “grain”™ and insert --gram--, therefor

In Column 9, Line 50, delete “mom™ and 1nsert --room--, theretor

In Column 11, Line 54-55, delete “adjustment’)” and insert --adjustment)--, therefor

In Column 13, Line 51, delete 515" and nsert --510--, therefor

In Column 16, Line 14, delete 108, 1n” and 1nsert --108. In--, therefor

In Column 16, Line 22, delete “fate” and insert --rate--, therefor

Signed and Sealed this
- Fourth Day of June, 2019

Andrei Iancu
Director of the United States Patent and Trademark Office
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